Cardiovascular diseases rank as America's primary killer, claiming the lives of over 41% of more than 2.4 million Americans. One of the main reasons for this high death toll is the severe lack of effective imaging techniques for screening, early detection and localization of an abnormality detected on the electrocardiogram (ECG). The two most widely used imaging techniques in the clinic are CT angiography and echocardiography with limitations in speed of application and reliability, respectively. It has been established that the mechanical and electrical properties of the myocardium change dramatically as a result of ischemia, infarction or arrhythmia; both at their onset and after survival. Despite these findings, no imaging technique currently exists that is routinely used in the clinic and can provide reliable, non-invasive, quantitative mapping of the regional, mechanical, and electrical function of the myocardium. Electromechanical Wave Imaging (EWI) is an ultrasound-based technique that utilizes the electromechanical coupling and its associated resulting strain to infer to the underlying electrical function of the myocardium. The methodology of EWI is first described and its fundamental performance is presented. Subsequent in vivo canine and human applications are provided that demonstrate the applicability of Electromechanical Wave Imaging in differentiating between sinus rhythm and induced pacing schemes as well as mapping arrhythmias. Preliminary validation with catheter mapping is also provided and transthoracic electromechanical mapping in all four chambers of the human heart is also presented demonstrating the potential of this novel methodology to noninvasively infer to both the normal and pathological electrical conduction of the heart.
Introduction
Heart disease is the primary cause of death of both men and women in the U.S. According to a recent report on Heart Disease and Stroke Statistics (Lloyd-Jones et al., 2009) , nearly 2400 Americans die of cardiovascular disease each day, i.e., two Americans per minute. One of the main reasons for this high number of lives lost is the severe lack of an effective diagnostic imaging technique for early detection and localization of the abnormality when the patient exhibits a symptom or pathological function detected on the electrocardiogram (ECG). It has been established that the mechanical and electrical properties of the myocardium change dramatically as a result of heart disease, both at its onset and beyond. Despite these findings, no imaging technique currently exists that is routinely used in the clinic and can simultaneously provide reliable, non-invasive, quantitative mapping of the regional, mechanical, and electrical function of the myocardium.
Currently, there is no non-invasive electrical mapping techniques of the heart used diagnostically in the clinic. Although noninvasive approaches under development such as electrocardiographic imaging have shown highly detailed three-dimensional images of the electrical activation sequence in humans (Ramanathan et al., 2004; Zhang et al., 2005) , imaging cardiac electrophysiology remains a challenging problem. In the clinic, the available methods are catheter-based, costly, and time-consuming. Even though they can provide maps of activation, they also require involved catheterization procedures while being limited to the endocardium or the epicardium. Even in a laboratory setting, mapping the three-dimensional electrical activation sequence of the heart in vivo can be cumbersome (Nash and Pullan, 2005) . While activation of the epicardium (Faris et al., 2003) , the endocardium (Schilling et al., 1998) , or both (Derakhchan et al., 2001 ) has been studied in vivo using electrode arrays, studies of the transmural activation are limited to ex vivo applications (Durrer et al., 1970; Sutherland et al., 2008) , to small regions of interest in vivo (Ashikaga et al., 2007) , or to small animals, e.g., the rabbit (Zhang et al., 2005) , or the mouse (Hillman et al., 2007) .
Non-pharmacological cardiac treatments, such as catheter ablation and cardiac resynchronization therapy (CRT), have become more popular because antiarrhythmic drugs can be associated with high failure rate, common proarrhythmic actions and toxicity (The Cardiac Arrhythmia Suppression Trial (CAST) Investigators, 1989) . As a result, clinicians are in need for accurate, albeit still nonexisting, non-invasive and direct measurement and mapping of the cardiac electrical activation sequence. Imaging the electromechanics of the heart, i.e., imaging the mechanical response immediately following the heart's electrical activation can therefore become a valuable alternative. Studies involving MR Tagging (McVeigh et al., 2002; Faris et al., 2003; Wyman et al., 1999) or beads (Badke et al., 1980) have reported a linear relationship between electrical and electromechanical activations.
Electromechanical Wave Imaging (EWI) is an entirely noninvasive, non-ionizing, ultrasound-based imaging method capable of mapping the electro-mechanical activation (Fig. 1) sequence of the myocardium along various echocardiographic planes in vivo. EWI (Pernot and Konofagou, 2005; Konofagou et al., 2007 Konofagou et al., , 2010 Konofagou et al., , 2011 Pernot et al., 2007; Provost et al., 2010 ) is capable of detecting and mapping the electromechanical contraction wave. The direction of propagation of this wave has already been shown to be dependent on the pacing origin in mice (Konofagou et al., 2010) and dogs (Provost et al., , 2010 , hence suggesting that the EWI technology could be used to assess conduction properties of the myocardium.
The heart will not adequately contract unless it is electrically activated via a very specific route. In sinus rhythm (or, natural contraction), the path of activation originates at the sinoatrial (SA) node (right before the ECG's P-wave), from which the electrical signal in the form of an action potential spreads to both the right and left atria causing their contraction (during the P-wave). The wave then propagates to the atrioventricular (AV) node (immediately following the P-wave), through the Bundle of His and along the left and right bundles on the interventricular septum to the Purkinje fibers finally causing both ventricles to synchronously contract (QRS complex) (Fig. 1) . The heart is thus an electromechanical pump that requires to first be electrically activated in order to contract. Propagating electrical waves of excitation result into localized contractions. Each electrical activation in Fig. 1 is followed by an electromechanical one, i.e., the depolarization of a cardiac muscle cell, or, myocyte, is followed by an uptake of calcium, which triggers contraction (Bers, 2002) after a certain electromechanical delay of a few milliseconds (Ashikaga et al., 2007; Cordeiro et al., 2004) . In the presence of arrhythmia, both electrical and electromechanical patterns are disrupted.
By increasing the frame rate of standard echocardiography by up to twenty-fold, EWI can map the small, transient deformations following similar propagation patterns to the electrical activation, i.e., the Electro-mechanical Wave (EW). The EW is a direct, tissue-level result of the cardiac excitation-contraction coupling (Bers, 2002) : the depolarization of a myocyte is followed by an uptake of calcium, which triggers contraction after the electromechanical delay. Since the deformations associated with the EW are small (o0.25% inter-frame at 481 fps) and their propagation is fast (0.5-2 m/s), they are not usually detected or mapped with existing imaging modalities in the clinic such as standard echocardiography or MRI. EWI relies on radio-frequency(RF)-based crosscorrelation methods. Since the only required equipment to perform EWI is a clinical ultrasound scanner (Wang et al., 2008) , the application of EWI can be flexible and with a broad range, as it can be used at the doctor's office, or the point of care, to identify patients at risk, inform on diseases in greater detail, or monitor and follow up therapeutic interventions such as CRT and ablation.
The EW onset in EWI is defined as the time at which, the incremental strains, usually obtained by applying a gradient estimator to displacements estimated via RF-based cross-correlation, cross zero following the Q wave of the ECG. This definition can be interpreted as the time at which the heart muscle transitions from a relaxing state (e.g., radial thinning) to active contraction (e.g., radial thickening) and be used to generate isochronal maps of activation in any echocardiographic plane.
The objectives in this paper are to (1) describe the EWI methodology and assess its fundamental performance and (2) apply the optimized methodology in canine and human cases in both the absence and presence of arrhythmias. Validation with electrical mapping as well as EWI in both the atria and ventricles of a normal human subject are also demonstrated.
Methods

The EWI methodologies and sequences
A block diagram of EWI is shown in Fig. 2 . Two imaging sequences, the automated composite technique (ACT) (Wang et al., 2008; Provost et al., 2010) and the temporally unequispaced acquisition sequences (TUAS) (Provost et al., submitted for publication) have been developed and implemented (Provost et al., , 2010 (Provost et al., , 2011a .
The ACT method
An Ultrasonix (Ultrasonix, Inc., Burnaby, Canada) RP or MDP system with a 3.3 MHz phased array was used to acquire RF frames from 390 to 520 frames/s (fps) using an automated composite technique (ACT) (Wang et al., 2008) . Briefly, to increase the resulting frame rate, the image is divided into partially overlapping sectors corresponding to separate cardiac cycles ( Fig. 2A) . The axial incremental displacements are obtained with a RF-based cross-correlation method (Fig. 2B ) (window size: 4.6 mm, 80% overlap). Briefly, this method consists in dividing every ultrasound beam into a large number of overlapping, one-dimensional, 4.6-mm-long windows. Then, the following process is applied to each window and each sampled time t: a reference window at time t 1 is compared with all the windows contained in the same beam at sampled time t 2 . The axial location of the window providing the highest correlation determines the axial displacement between two consecutive sampled times. After repeating this process for each window and each sampled time, axial displacements are obtained at multiple locations along the ultrasound beam for each sampled time. The full-view image is then reconstructed using the motion-matching technique (Fig. 2C) (Provost et al., 2010) . Briefly, this method consists of comparing, through a cross-correlation method, the incremental displacements measured in the overlapping line of two sectors obtained at different heartbeats to synchronize the sectors. More specifically, the acquisition sequence is designed such that each sector contains at least one ultrasound beam that is also part of the following sector. Therefore, this overlapping beam is expected to result in identical (or highly similar) axial displacements whether they correspond to heartbeat h that occurred when sector s was acquired or to heartbeat h þ 1 that occurred when sector sþ 1 was acquired. By comparing, over time, the displacements obtained in the overlapping beams, the time delay corresponding to the maximum cross-correlation coefficient is obtained to synchronize each set of neighboring sectors. The procedure is repeated for each pair of sectors, allowing the reconstruction of the full-view of the heart, hence ensuring the continuity of the incremental displacements across sectors. This method does not rely on the ECG. Therefore, it is especially useful in cases where the ECG may be unavailable or too irregular to perform ECG gating (Provost et al., 2010) . The axial incremental strains are then obtained by Cordeiro et al., 2004) . The first vertical dotted line indicates the onset of electrical activation and the second one the onset of mechanical contraction. The phenomenon of excitation-contraction coupling is shown here at the level of the myocyte and how it is reflected on the ECG, where the electromechanical activation will be delayed by the 'electromechanical delay' relative to the onset of the QRS complex.
calculating the spatial derivative of incremental strains in the axial direction using a least-squares estimator (Kallel and Ophir, 1997) (Fig. 2D ). The myocardium was segmented using an automated contour tracking technique and displacement and strain maps were then overlaid onto the corresponding B-mode images (Fig. 2E ). Isochrones were generated by mapping the first time occurrence at which the incremental strains crossed zero following the Q-wave. More specifically, the absolute value of the incremental strains was minimized in a temporal window following the Q-wave in up to a hundred manually selected regions. Noisy data were excluded. Subsample resolution was obtained through spline interpolation and Delaunay interpolation was used to construct continuous isochronal maps. Two echocardiographic planes, identical to the planes imaged in the standard apical four-and two-chamber views, were imaged across the long axis of the heart. These two views were temporally co-registered using the ECG signals, spatially co-registered by an echocardiography expert, and displayed in a three-dimensional biplane view in Amira 4.1 (Visage Imaging, Chelmsford, MA) ( Fig. 2F,2 ).
The TUAS method
In order to overcome some of the limitations of the ACT method such as the multiple heartbeat gating, an alternative EWI method, the temporally unequispaced acquisition sequence (TUAS) (Provost et al., submitted for publication) was developed that is geared towards optimally estimating cardiac deformations. In TUAS, it is possible to simultaneously achieve a wide range of frame rates for motion estimation, large beam density, and a large field of view in a single heartbeat, thus avoiding the motion-matching and reconstruction steps in the ACT method of EWI ( Fig. 2) , with little dependence on depth and beam density. Consequently, for a given set of imaging parameters, motion can be estimated at frame rates varying from a few Hz to kHz. The prior knowledge, in this case, is the minimum sampling rate, i.e., the Nyquist rate, of the motion over time at a given pixel. The conventional way to construct an ultrasound image using a phased array is to acquire a finite number of beams, typically 64 or 128, over a 901 angle. These beams are acquired sequentially, and the process is repeated for each frame. For example, a given beam, e.g., beam 3 ( Fig. 3) , will be acquired at a fixed rate (Fig. 3 , conventional sequence). In TUAS, the beam acquisition sequence is reordered to provide two distinct rates, defined as follows ( Fig. 3) : the motionestimation rate and the motion-sampling rate. The motion-estimation rate, r me , is defined as the inverse of the time, i.e., T me , lapsing between the two RF frames used to estimate motion. The motion-sampling rate, r ms , is defined as the inverse of the time, i.e., T ms , lapsing between two consecutive displacement maps. In conventional imaging sequences, these two rates are equal, because a given frame is typically used for two motion estimations (u n and u n þ 1 in Fig. 3 ). In TUAS, the operator can adjust the motion-estimation rate. As shown in Fig. 3 , a frame in the TUAS case is used only once for motion estimation, thus halving the motion-sampling rate relative to the conventional method. For example, an acquisition performed at a 12-cm-depth with 64 beams with a conventional sequence will correspond to a frame rate of 100 Hz. However, while 100 Hz may suffice to satisfy the Nyquist sampling criterion of cardiac motion, it is usually insufficient for accurate motion tracking using RF cross-correlation. Therefore, to reach a higher frame rate of, e.g., 400 Hz typically used for EWI, the conventional sequence requires dividing the number of beams by four, and thus reduces either the beam density, the field of view, or both. At the same depth and beam density, the TUAS provides a motion-sampling rate of 50 Hz and a motionestimation rate that can be varied, as shown in the following section, within the following group: {6416, 3208, 1604, 802, 401, 201, 100} Hz. This has numerous advantages. For example, both the beam density and the field of view can be maintained while estimating the cardiac motion with an optimal frame rate, which could be, e.g., either 401 or 802 Hz, depending on the amplitude of the cardiac motion. This results into halving of the motion-sampling rate; however, the motion-sampling rate has only little effect on the motion estimation accuracy. Theoretically, if this rate remains above the Nyquist rate of the estimated cardiac motion, it will have no effect. We estimated that at a motion-sampling rate above 120 Hz, the effect of the motionsampling rate became negligible compared to the effect of the motion-estimation rate (Provost et al., 2011a, b, c) .
Optimal EWI strain estimation
In TUAS, a wide range of frame rates can be achieved, including very high frame rates, independently of other imaging parameters. Therefore, by maintaining a set of imaging parameters (e.g., field of view, imaging depth), and varying the frame rate, it is possible to identify an optimal frame rate by studying the link between the strain signal-to-noise ratio (SNRe) and the EW. Based on previous frameworks reported (Varghese and Ophir, 1997) , we have developed a new probabilistic framework based on experimental strain estimations acquired in a paced canine in vivo to not only establish an upper bound on the SNR e , but also to estimate the probability of obtaining a given SNR e for a given strain amplitude (Provost et al., 2011a, b, c) . Since the motion-estimation rate can be used as a means to translate and narrow the strain distribution, the optimal motionestimation rate can be found by studying the link between the estimated strain and the SNR e . More specifically, a conditional probability density function spanning a large range of strain values was constructed (Fig. 4) and was found in agreement with the strain-filter theory, which provides a higher bound on the SNRe. The Ziv-Zakai Lower Bound (ZZLB) predicts a sharp transition between the Fig. 2 . Block diagram of the EWI technique. (A) High frame-rate acquisition is first performed using either ACT (follow red arrows) or TUAS (black arrows). (B) High precision displacement estimation between two consecutively acquired RF beams (t1, t2) is then performed using very high frame rate RF speckle tracking. (C) In ACT only, a region of the heart muscle, common to two neighboring sectors, is then selected. By comparing the temporally varying displacements measured in neighboring sectors (s1, s2) via a cross-correlation technique, the delay between them is estimated. (D) In ACT only, a full-view ciné-loop of the displacement overlaid onto the B-mode can then be reconstructed with all the sectors in the composite image synchronized. (E) In ACT and TUAS, the heart walls are then segmented, and incremental strains are computed to depict the EW. (F) By tracking the onset of the EW, isochrones of the sequence of activation are generated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
Cramé r-Rao Lower Bound (CRLB) and Barankin Bound (BB) when decorrelation becomes important to the point that the phase of the signal does not contain information about motion. Fig. 4 shows that the conditional probability density function is comprised within the CRLB up to approximately 4% before it becomes comprised within the BB. A sharp decrease in the expected value of the SNRe is also observed at 4% strain, underlining the importance of using the phase information of the RF signal for accurate strain measurements. A distortion in the strain distribution may indicate that while a high SNRe can be maintained, the accuracy of the strain estimator is strongly impaired at low motion-estimation rates, i.e., less than 350 Hz in this case (Fig. 4) . Finally, we showed that TUAS is capable of accurately depicting non-periodic events at high temporal resolution. Therefore, the optimal frame rate will need to be between 389 and 3891 Hz according to the strain range to be estimated (Fig. 4) .
New beam sequence for EWI
According to the previous section, the frame rate plays an important role in the EWI strain estimation. In conventional ultrasound imaging, the frame rate is low (50-100 Hz) so that dynamic focusing (i.e., focusing in multiple depths), and therefore high spatial resolution, can be achieved. However, in EWI, the frame rate is more important than the spatial resolution and therefore no or less optimal focusing techniques can be used in order to increase the frame rate up to thousands of frames/s. To achieve this, a new type of transmit beam sequence was used, i.e., the wide beam on a customized Verasonics system (Verasonics, Redmond, WA).
A wide beam can be generated by reducing the transmit aperture, i.e., the number of elements used in transmit, and using apodization, i.e., the modulation of the transmit amplitudes of elements. In that case, only a portion of the image is probed in each transmit sequence. This approach is also less prone to artifacts, as shown from its use in clinical systems to generate high quality 3D ultrasound images. Images were formed using a delay-and-sum technique to focus at individual pixels in reception, and multiple single-transmit images were coherently co-registered (Montaldo et al., 2009 ) whenever necessary to form an entire displacement map. The transmit strategies with wide beams were implemented within a TUAS strategy (Provost et al., 2011d) to account for longer transfer times and the resulting images were used solely for motion estimation at high frame rates. The ECG was also acquired simultaneously to co-register the B-mode ultrasound and displacement images.
Electromechanical Wave Imaging in canines in vivo
All studies performed were approved by the Institutional Animal Care and Use Committee of Columbia University. A Sonix RP (Ultrasonix, Burnaby, Canada) system using a 3.3 MHz phased array was used to acquire RF frames from 390 to 520 frames/s (fps) using the ACT method (Wang et al., 2008) . Normal mongrel dogs were used after being anesthetized with an intravenous injection of Diazepam 0.5-1.0 mg/kg and Methohexital 4-11 mg/kg. The chest was opened by lateral thoracotomy. To minimize motion artifacts, the transducer was attached to a stabilizer (Medtronic Corp., Minneapolis, MN) and the respirator was interrupted for 6 to 20 s depending on the acquisition. The EWI strains were estimated using the same technique as described in Section 2.1 and Fig. 2. 
Electrical mapping in canines in vivo
In order to verify the correlation between the electromechanical and electrical activation, electrical mapping using a basket catheter were performed in the left ventricle of an open-chest canine during pacing. A pulmonary vein was canulated with a 9F sheath and guided, using ultrasound, to the left ventricle. A basket catheter was then introduced by aligning a marked spline of the basket catheter (Constellation, Boston Scientific, Natick, MA) along the anterior wall of the left ventricle. This basket catheter contains 64 electrodes that were used to generate 3D endocardial maps of the electrical activation. Four custom-built acquisition boards, each containing 16 channels, were used to measure 57 bipolar electrograms and three ECG leads. The multiplexed outputs of the individual boards were then sampled by a low-cost, USB data acquisition system (USB-6259, National Instruments, Austin, TX) controlled via a LabView interface. Pacing can also be performed from any electrode, thus allowing multiple, simultaneous (up to a 2-ms resolution) pacing sites. A separate, open-source Arduino Mega board (www.arduino.cc) containing a micro-controller was used to transmit the pacing stimulus through transmit multiplexers and controlled by a C-based platform. Images in the four-chamber view were acquired using wide beams during pacing from the apical region of the lateral wall.
Electromechanical Wave Imaging in humans
In humans, the ACT acquisition sequence and methods on the Ultrasonix MDP system were used and longitudinal (instead of radial) strains were estimated in the four-chamber view to obtain the electromechanical activation in both the atria and ventricles. The least-squares estimator kernel size was equal to 5.22 mm with a window overlap of 90%. To generate ciné -loops showing electromechanical activation only, the sign of the strains was inverted in the regions showing Fig. 3 . Illustration of an acquisition sequences in a simple case where only 6 lines form an image with each sector using two lines. In a conventional acquisition sequence, the time separating two acquisitions of the same line is the same. In TUAS, the time separating two acquisitions of the same line are modulated to optimize motion-estimation. Fig. 4 . Conditional probability density function of the SNR e knowing the strain magnitude (and the corresponding motion-estimation rate). The conditional expectation value of SNR e , the ZZLB, BB, and CRLB are also depicted.
negative strains (compression) at the onset of the QRS complex. When necessary to obtain a stable image, subjects were asked to hold their breath for up to 18 s. The human subject study protocol was approved by the Institutional Review Board of Columbia University, and informed consent was obtained prior to scanning. The EWI isochrones of a 23-year-old male was mapped.
Results
Electromechanical Wave Imaging in canines in vivo
3.1.1. Normal sinus rhythm and pacing cases During sinus rhythm, the natural pacemaker, the sino-atrial node, located in the right atrium, activates the heart. Action potentials are generated spontaneously from there (at the P-wave) and travel through the atrio-ventricular node, the bundle of His (during the P-R segment) and finally the Purkinje fiber network and the ventricular myocardium (at the QRS complex). Since activation originates from multiple locations following the Purkinje fiber network, complex activation patterns are expected when imaging the ventricles. Fig. 5 (e) shows the isochrones of the EW propagation in a normal dog during sinus rhythm (Provost et al., 2010) . The EW was initiated at the mid-cavity segment in the septal and in the lateral walls, travelling towards the apex and base. In the right-ventricular wall, the EW appeared on the endocardium near the apex a few milliseconds later, and travelled towards the base.
During pacing from the apical region of the anterior-lateral wall, the pattern of propagation of the EW was entirely different (Fig. 5(a-d) ). It was initiated from the pacing site and propagated towards the base. Contrary to sinus rhythm, where multiple, unconnected regions of early activation were observed, the EW originated from a single location.
The EW was also reproduced in the anatomically and biophysically accurate electro-mechanical simulation model (Gurev et al., 2009 , Gurev et al., 2011 during various pacing schemes and its isochrones were shown to be closely correlated with the electrical activation times (Provost et al., 2011a) (Fig. 5(e-g) ).
EWI can image the electro-mechanical response of the muscle at high temporal resolution, thereby producing ciné -loops during the EW propagation. An example of such a sequence that corresponds to the isochrones in Fig. 5(f) is shown in Fig. 5(a-d) .
Arrhythmic cases
Using the TUAS sequence, single-heart-beat EWI in normal (Fig. 6(i) ) and fibrillating ( Fig. 6(ii) ) canine ventricles was achieved, in a full-view and with high beam density. Strain patterns expected during such a scheme were depicted, such as a disorganized contraction, leading to little to no large scale motion of the heart. Regions of the myocardium were oscillating rapidly from thinning to thickening and thickening to thinning over time. Studying the frequencies of these oscillations could be useful in understanding the mechanisms of fibrillation (Chen et al., 2000) .
Validation with electrical mapping
The wide beam sequence was used in the open-chest animal and correlated with the electrical activation sequence obtained by the basket catheter during pacing from the apical region of the lateral wall (Fig. 7) . The heart was imaged in the four-chamber view, but with the ultrasound transducer positioned parasternally. In that view, activation results mostly in thickening of the tissue (since the ultrasound beam is aligned with the radial direction of the heart, (Provost et al., 2010) ). EWI shows activation (red) originating from the apical region of the lateral wall (Fig. 7A,B) , followed by the activation of the right-ventricular wall (Fig. 7C) and finally by the septum (Fig. 7D) . The corresponding EWI isochrones reflect this behavior (Fig. 7E) . The EW and the electrical activation mapped using the basket catheter (Fig. 7F ) were highly correlated (Fig. 7G) . A slope of 1.31 (R 2 ¼0.99) was obtained between the electrical activation and the EW onset indicating that the electromechanical sequence is a delayed but accurate version of the electrical one with high correlation.
Electromechanical Wave Imaging in humans in vivo
Since a standard clinical echocardiography system (Ultrasonix) was used, EWI is also directly applicable to human subjects. Fig. 8 shows the EW isochrone during normal sinus rhythm in a healthy human subject. The EW propagation is initiated at the end of the P-wave at the atria and at the onset of the QRS complex at the mid-level of the interventricular septum. It then appears in the lateral wall, and then in the apical region of the right-ventricular wall. Approximately 60 ms after the onset of the QRS complex, Fig. 5. (a-d) Propagation of the EW (delineated in yellow) during pacing from the apical region of the antero-lateral wall in a normal canine heart. Propagation is initiated at the pacing lead location close to the apex and continues towards the base. Experimental canine heart EWI isochrones during (e) normal sinus rhythm and (f) apical pacing. (g) In the simulation model of apical pacing, the propagation pattern is qualitatively similar. In (e), 0 ms is the onset of the QRS complex, and in (f-g) is equivalent to the pacing stimulus application time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) both ventricles were activated, with the exception of the basal region of the lateral wall.
Discussion
In this paper, we described the EWI methodology and its fundamental performance together with preliminary validation using electrical mapping in vivo and depiction of ventricular fibrillation. Four-chamber EWI in a normal human heart was also shown in a single heartbeat.
EWI has been shown capable of non-invasively mapping the electrical wave during propagation. A high frame rate ( 500-2000 fps) 2D imaging modality was specifically developed in different ultrasound systems and distinct beam sequences so that the transient cardiac motion resulting from the fast EW can be mapped in murine (Konofagou et al., 2010) , canine (Pernot and Konofagou, 2005; Provost et al., 2010) , and human (Wang et al., 2008) hearts in vivo. These were achieved through ECG gating, i.e., over multiple cardiac cycles (Fig. 2) , or displacement matching, of small sectors on a standard, clinically used, open-architecture ultrasound system for full view, high frame rate imaging. EWI may thus constitute a direct and non-invasive technique for electromechanical mapping that can closely infer to the underlying electrical activation. It is important to note that the EWI technique is fundamentally different from conventional 'speckle tracking' methods, i.e., it aims at identifying transient myocardial effects and unveiling the propagation of the resulting EW. Most of the existing, conventional speckle tracking techniques aim at determining the overall systolic and/or diastolic function of the myocardium (i.e., thickening or thinning) and assessing the total myocardial contraction. In those cases, B-mode tracking at relatively low frame rates (o100 fps) may be sufficient, precisely because transient events, such as the electromechanical activation, are not of interest in the conventional use. On the other hand, high precision and high frame rates are a requirement for quality EWI as was shown in Fig. 4 . EWI aims thus at overcoming the current limitations of echocardiography, i.e., lack of depiction of cardiac activation, and going beyond its existing applications in the clinic of merely depicting the mechanical function of the heart.
The EW was compared to electrical activation patterns in the sinus rhythm case, by referring to the intramural electrical activation pathways previously described (Scher and Young, 1956; Durrer et al., 1970; Sengupta et al., 2008) for mammalian ventricles. According to Scher and Young (1956) , the earliest activity in dogs occurs at the region of the terminations of the left bundle on the mid-left septal endocardium at the mid-basal level, a few milliseconds before the QRS deflection. Activity on the right side of the septum occurs slightly later, again at the Purkinje terminals. During the first quarter of the QRS, most of the endocardial layer of the apical and mid-cavity region of the myocardium is depolarized. The electrical activation then propagates from the endocardium to the epicardium, and towards both the apex and base. At the R-wave peak, only portions of the basal and lateral left-ventricular wall and of the basal septum remain to be activated. Other studies performed later in swine, rats, and humans (Sengupta et al., 2008) , identified three points of early activation: (1) an area high on the anterior paraseptal wall immediately below the mitral valve, (2) an area at half the distance from apex to base on the left side of the interventricular septum, and (3) the posterior paraseptal area at approximately one third of the distance from apex to base.
Those observations are in agreement with results obtained with EWI in both canines and humans, when considering that a delay of a few milliseconds (20-40 ms in vivo (Ashikaga et al., 2007) ) exists between the electrical and mechanical activation of the myocardium. In both canines and humans, the EW was initiated in the mid-cavity segment on the left side of the septum, and from the endocardium of the lateral wall near the base. It was also initiated from the posterior and anterior mid-cavity segments in the two-chamber view. In the right-ventricular wall, the EW was initiated later and traveled towards the base. Moreover, the basal wall regions remained inactivated even 60 ms after the onset of the Q-wave. This is also in agreement with previous reports (Scher and Young, 1956 ) indicating that at the peak of the R-wave, basal regions are not electrically activated yet. Considering the electromechanical delay, it is then expected that the basal region will not contract before the onset of the isovolumic contraction phase occurs.
For the first time, the EW was observed in the normal human atria (Fig. 8) and, although no validation with electrodes was provided in the atria in the current study, followed the expected (F) Electrical isochrones, depicting the activation on the 3-D endocardial surface of the heart. The symbols *, **, and *** indicate corresponding regions between E and F, the white gaps in F indicate lack of data from the catheter electrodes at those locations. (G) Using the electrical activation times measured using the basket catheter, the electrical activation times can be compared to the EW onset time. Since no ECG was acquired during this acquisition, the intercept was fixed to 0 ms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) electrical activation sequence in five human subjects. The earliest activation region was located in the right atrium, where the sinus node is located. Activation propagated in the atria during the P-wave. Following the onset of the QRS complex, activation in the ventricles was observed in multiple regions near the mid-level, in agreement with previous ex vivo studies of the activation sequence in human hearts based on electrography (Durrer et al., 1970) . To our knowledge, the normal transmural electrical activation sequence in normal human subjects is not available in the literature. In fact, the normal electrical activation sequence in humans was obtained initially in isolated hearts (Durrer et al., 1970) or during intraoperative mapping studies under nonphysiological conditions. More recently, the epicardial electrical activation sequence was obtained in the normal human heart under complete physiologic conditions (Ramanathan et al., 2006) . However, such an approach is limited to the epicardium and thus cannot be used to map the endocardium, the septum, or transmurally. EWI might thus constitute an important complementary tool to the ECG to assess the normal electrical activation sequence in normal subjects or establish a baseline for pathological subjects.
Current limitations of the methodology include angle dependence and 2D imaging of a 3D propagation pattern. As a result, several EWI artifacts may result, especially at the level of the apex where the ultrasound beam is almost perpendicular to the direction of the myocardial motion. Those issues are expected to be resolved with the advent of 2D strain imaging (9) and 3D ultrasound RF signal availability at high frame rates. This will allow a full 3D depiction of the electromechanical function of the heart.
As a result, we expect that this technology will allow for the depiction of the electromechanical activation sequences in the heart in human subjects in order to detect disease at its early onset, i.e., ischemia at low coronary occlusion levels or arrhythmia with a single focus, in the ventricles or the atria. The advantages of this technique lie in the fact that it can provide such information that is currently severely lacking in the clinic regionally and noninvasively. Even though the electromechanical activity in one part of the muscle may affect that of its neighboring regions, we believe that direct association between electrical and electromechanical patterns can be reliably made, especially based on what we have observed in simulations of the electromechanical wave (Provost et al., 2011a) and what was obtained through validation in canines using electrical mapping (Fig. 7) . The main difference between the two would inherently be the delayed onset (by the electromechanical delay) of the electromechanical relative to the electrical patterns. Another cause for this difference may also be the well-known early mechanical activation sites, e.g., pre-stretch, that occur before any electrical activation at that site. Removal of these after estimation in future studies may lead to a better correlation between the electromechanical and electrical activation. Another focus in future studies will be the transmural activation or repolarization that went beyond the scope of this paper due to the lack of current validating electrical mapping techniques of this kind of activation but has previously been shown to be feasible with EWI in mice (Konofagou et al., 2010) . Fig. 8 . EWI isochrone in all four chambers in a healthy, 23-year-old male subject. Activation is initiated in the right atrium and propagates in the left atrium. After the atrio-ventricular delay, activation is initiated in the ventricles from multiple origins, which are possibly correlated with the Purkinje terminals locations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
